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Controlling the intensity of light in large areas at the interfaces of a scattering medium
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The recent advent of wave-shaping methods has demonstrated the focusing of light through and inside even
the most strongly scattering materials. Typically in wavefront shaping, light is focused in an area with the
size of one speckle spot. It has been shown that the intensity is not only increased in the target speckle spot,
but also in an area outside the optimized speckle spot. Consequently, the total transmission is enhanced, even
though only the intensity in a single speckle spot is controlled. Here, we experimentally study how the intensity
enhancement on both interfaces of a scattering medium depends on the optimization area on the transmission
side. We observe that as the optimization radius increases, the enhancement of the total transmitted intensity
increases. We find a concomitant decrease of the total reflected intensity, which implies an energy redistribution
between transmission and reflection channels. In addition, we find qualitative evidence of a long-range reflection-
transmission correlation. Our result is useful for efficient light harvesting in solar cells, multichannel quantum
secure communications, imaging, and complex beam delivery through a scattering medium.
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I. INTRODUCTION

Wave interference in disordered scattering media results
in speckles through the coherent addition of multiple waves,
which are independent and have random amplitudes and
phases [1]. Between these interfering waves, there exist
short-, long-, and even infinite-range correlations [2—10].
These correlations have provided enriching information about
mesoscopic transport, as well as a deeper understanding of
fundamental phenomena such as enhanced backscattering
[11-13] and Anderson localization [14,15].

In 1990, using speckle correlations, Freund predicted that
an opaque scattering medium can be used as a lens and
other optical elements by designing an appropriate incident
wavefront [16]. Only recently, this prediction was confirmed
by the advent of innovative wave-shaping methods such
as wavefront shaping [17-22], time reversal [23-25], phase
conjugation [26-28], and transmission-matrix-based control
[29-31]. In wavefront shaping, an optimization algorithm
receives as a feedback the intensity in a target area, typically
one speckle spot with an area A = A?/27m on the sample
surface. The algorithm then modifies the spatial phase of the
incident field on the scattering medium, such that the intensity
in the target spot is maximized. These wave-shaping methods
have led the way for exciting applications such as noninvasive
biomedical imaging [32-34], advanced optics [35-40], and
cryptography and secure communication [41,42].
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In an earlier experiment [18], an intensity enhancement
was observed not only in the target speckle spot but also
in an area outside the target speckle spot. Consequently,
the total transmission was enhanced, even though only the
intensity in a single speckle spot was monitored. An intuitive
explanation for this observation is that there is a redistribution
of energy between reflection and transmission channels,
since absorption is negligible in the scattering samples. This
observation was confirmed in Ref. [19]. Here, we take a
further step by investigating how the enhancement of the
total transmission depends on the optimization area. In the
absence of absorption, we expect to observe a concomitant
effect in the total reflected intensity. Moreover, we expect
to find the effect of long-range correlations, especially of
the form that exists between the reflected and transmitted
speckles, as recently predicted in Ref. [43]. An optimization
of the total intensity transmitted through a scattering medium,
which is the extreme case of our study, has been performed
in Refs. [19,44], although the optimization area was not
systematically varied. The dependency that we seek will give
insight into the intensity redistribution between the transmitted
and reflected speckles. Such a fundamental understanding
is useful for applications of wavefront shaping in efficient
energy harvesting in solar cells [45—47], multichannel quan-
tum secure communications [48,49], imaging [28,34,50,51],
and the delivery of complex beams through a scattering
medium [52].

In this paper, we experimentally study how the optimized
intensity on both interfaces of a scattering medium depends on
the optimization area on the transmission side. We image the
transmitted intensity onto the chip of a camera, and thus there
is a freedom to control the optimization radius. We observe
that as the optimization radius increases, the enhancement of
the total transmitted intensity increases. We find a concomitant
decrease of the total reflected intensity, which implies that there
is a redistribution of intensity from reflection to transmission.
In addition, our result reveals qualitative evidence of the long-
range reflection-transmission correlation.
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FIG. 1. Experimental setup. A HeNe laser beam is expanded and
modulated by a spatial light modulator (SLM). The light is directed
toward the microscope objective (MO1) (numerical aperture NA =
0.95) and then focused onto a multiple scattering sample. The sample
is made of disordered ZnO nanoparticles. The intensity transmitted
through the sample is imaged onto the chip of a charged-coupled
device (CCD) camera (CCD1) through an oil-immersion objective
(NA = 1.42) and lens L3. The reflected intensity is also imaged
through a focusing objective and lens L2 and detected by a CCD
camera (CCD2). P: polarizer; A/2: half-wave plate; BE: beam
expander; BS: beam splitter; A: aperture; M: mirror; NDF: neutral
density filter.

II. EXPERIMENTAL DETAILS

A. Experiment setup

The experimental setup is shown in Fig. 1. The light source
is ahelium neon (HeNe) laser, which emits at a wavelength A =
632.8 nm and has an output power of 5 mW. A combination of a
half-wave plate (A/2) and a polarizer (P) controls the incident
power and also fixes the polarization of the beam. A beam
expander with a magnification of 20 x expands the beam to fill
the active area of the spatial light modulator (SLM). The SLM
is a Holoeye Pluto (6010-NIR-011), which has 1920 x 1080
pixels and controls the horizontal polarization. A beam splitter
(BS) separates the incident and reflected light from the SLM.
The reflected light is focused by a lens L1 (focal length
f =250mm). Aperture A, placed at the focal plane of the lens
L1, filters out the higher diffraction orders of the SLM’s pixels
and transmits only the Oth order. With a telescope consisting of
lenses L1 and L2 (f = 250 mm), the SLM is imaged onto the
pupil of a microscope objective MO1 (Zeiss: infinity corrected,
63x, NA = 0.95), which focuses the light onto the surface of
the sample. For a planar incident wavefront, the spot size is
0.35 um. The sample is an ensemble of disordered zinc oxide
nanoparticles that are spray painted on top of a glass cover
slide. The sample thickness is 17 &£ 0.2 um and the transport
mean free path £ of similar samples was reported in Ref. [53]
to be £ =0.6 £ 0.2 um. The intensity transmitted through
the sample is imaged onto the chip of a charged-coupled
device (CCD) camera (CCDI1) using a combination of an
oil-immersion objective MO2 (Olympus: infinity corrected,
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60x, NA = 1.42) and lens L3 (f = 500 mm). The calculated
magnification of imaging the back surface of the sample
(M1) is 167x. Similarly, a combination of the focusing
objective MO1 and lens L2 images the reflected intensity
exiting the front surface of the sample onto the chip of a
CCD camera (CCD2). The calculated magnification on the
reflection side is 95x. Cameras CCD1 and CCD2 are both
of the same type (AVT Dolphin 145B), with a pixel pitch
of 6.45 um. Using the calculated magnifications, the pixel
pitches on the front and back surfaces of the sample are 0.068
and 0.038 um respectively. The neutral density filter NDF1
(Thorlabs NEO5A), with a measured attenuation factor AF =
0.33, attenuates the incident intensity on the sample in order
to prevent saturation of the cameras. The reflected intensity is
further attenuated by placing NDF2 (Thorlabs NE10A), with
a measured AF = 0.10, in the reflection path. The reflected
intensity is in total attenuated by a factor of 0.033.

In the setup of Ref. [19], the optimization area was not
controlled since the scattering sample was directly attached to
a photodetector. Moreover, as a result of the refractive index
contrast (approximately a factor of 2), the detected signal in
Ref. [19] was limited by significant surface reflections between
the scattering sample and photodector. With our setup, we
have the freedom to control the optimization area. A further
advantage of our study is that there is no significant surface
reflection since there is an index match between the sample
substrate and the immersion oil.

B. Experimental procedure and parameters

To optimize multiple speckle spots, we used the partitioning
algorithm that is described in Ref. [54] rather than the
stepwise sequential algorithm typically used in previous
wavefront-shaping experiments [17-19,55,56]. We find that
the partitioning algorithm outperforms the stepwise sequential
and genetic algorithms for optimizing intensity in large areas
(see Appendix A). In the optimization, the number of segments
used is 5000. We systematically increased the number of
transmission channels by increasing the optimization radius r,.
The number of open transmission channels M scales linearly
with the probed area A (= 7r2)

2 An? €
22 L
where n, is the effective refractive index of the scattering
medium [57,58]. For a specific optimization radius, we
repeated the wavefront-shaping experiment for two to five
times at a fixed position on the sample. (Since the optimization
time is longer for larger radii, we took fewer measurements).
As a reference phase pattern, we sent 100 randomly generated
patterns with the same number of segments as the optimized
pattern. Compared to the optimized pattern, these randomly
generated phase patterns had diffraction losses and a power
incident on the sample that was larger by only 5%, which
underestimated the intensity enhancement by this amount.
To quantify the enhancement 5, of the total intensity in
the target area, we define
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FIG. 2. Camera images of transmitted intensity at the back
surface of a zinc oxide sample. In (a) and (b), unoptimized and
optimized wavefronts were projected on the spatial light modulator
(SLM) respectively. The optimization radius is r, = 4.72 pum, which
is indicated by the red dashed circle.

following Refs. [17,59]. Pg,, and Pg, are the power in
the target area with the optimized and unoptimized patterns,
respectively. () denotes an ensemble-averaged power over the
100 different random phase patterns. We also quantified the
enhancement 7y . Of the total transmitted intensity and the
total reflected intensity as

o
P = o 3)
ST

where i = tr for transmitted light, i = re for reflected light,
P¢ and (P;}) are the total transmitted power through the sample
with the optimized and unoptimized patterns, respectively, and
P? and (PY) are the total reflected power through the sample
with the optimized and unoptimized patterns, respectively. The
enhancement of the intensity outside the optimization area is

quantified as

Hout = Pt?_Ptz.rg (4)
o = T
(Plr - Ptarg>

III. RESULTS
A. Radial distribution of transmitted intensity

In Figs. 2(a) and 2(b), we show the CCD camera images
of the transmitted intensity for the unoptimized and optimized
incident wavefronts, respectively. In the wavefront-shaping
experiment shown in Fig. 2(b), the optimization radius is
4.72 um, which corresponds to 121 pixels. The intensity in
the optimization area increases significantly compared to the
unoptimized intensity. The intensity outside the target area
increases as well. For a better visualization of the intensity
increase, we plot in Fig. 3 the radial distributions of the
transmitted intensity. The radial distribution is obtained by
summing the intensities within a ring with a width §r and an
inner radius of r, (see inset in Fig. 3). Angular averaging helps
to reduce the intensity fluctuation from the speckle pattern.
There is a significant intensity increase in the optimization area
for both optimization radii r, = 15.2 um and r, = 4.7 um.
This intensity increase is expected since the intensity in the
optimization area is the feedback to the partitioning algorithm.
The peak in Fig. 3(b) is attributed to the smaller optimization
radius r, = 4.7 um compared to the experiment with the
larger optimization radius r, = 15.2 um in Fig. 3(a). With
r, = 15.2 um, there is an enhancement over a broad area. The
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FIG. 3. Transmitted intensity vs radius r. The transmitted inten-
sity is the total intensity within the circumference of a ring, which
has an inner radius r, and ring width 8r (see inset). The optimization
radii are (a) r, = 15.2 um and (b) r, = 4.7 um. The hatched area
under the curves is the optimization area. The red circles and blue
squares are the intensities for the optimized and unoptimized incident
wavefronts, respectively.

intensity outside the optimization area remarkably increases
as well in both Figs. 3(a) and 3(b). This intensity increase
agrees with the observation in Ref. [18], where the intensity
outside the optimization area was observed to increase as well.
We quantify the intensity enhancement inside and outside the
optimization areas, and the total transmitted intensity in the
next sections.
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FIG. 4. Enhancement 1, in the target area vs optimization radius
r,. The red circles are the experimental data and the blue curve is an
inverse square law fit following the prediction of Ref. [60].
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B. Enhancement of the intensity in the optimization area

We plot in Fig. 4 the intensity enhancement 7y, in the
optimization area versus the optimization radius r,. We ob-
tained a maximum enhancement of 257 x for an optimization
radius of about 0.3 um, which corresponds to one speckle
spot. As the optimization radius increases, 7w decreases
drastically down to 2x at the largest radius r, = 15.2 um,
which corresponds to 1716 open transmission channels. In
Ref. [60], the enhancement for a multiple channel optimization
was found to be inversely proportional to the number of
speckle spots M in the optimization area. The model in [60]
assumed that the optimized intensity is distributed equally
to all optimized channels, which are considered statistically
independent. From the model, the enhancement is expected to
depend inversely on the square of the optimization radius r,,

K
Ntarg = ﬁ +1, )

where K is a constant that depends on the number of effectively
controlled input channels on the sample. In Fig. 4, we show
a nonlinear least squares fit to the experimental data using
Eq. (5) and K is the only adjustable parameter. Weighing
all data points equally, the fit agrees well with the first two
optimization radii 7, = 0.3 and 1 um, which have 1 and 7
transmission channels, respectively. Strikingly, the fit deviates
from the experimental data by about a factor of 2 at large radii.
This deviation signifies that there is more intensity available
in the optimization channels than that predicted by Eq. (5),
especially at large radii.

We discuss three possible reasons for the deviation of the
theory from the experimental data. First, it is known that noise
has a significant effect on the single-speckle optimization
[59]. Our wavefront-shaping experiments are in the regime
where shot noise is much higher than the camera and laser
noises, which are about 1% and 2% respectively. According
to Ref. [59], in this shot-noise regime the enhancement of a
single-speckle optimization is expected to scale linearly with
the total intensity in the optimization area Pi,,. Extending this
model to the optimization of multiple channels, we derive

K P, targ
Ntarg = )
o

+1=K+1, (6)

where K’ = KC, where C is a prefactor in the relationship
Py =C rf. A constant enhancement with the radius obvi-
ously does not describe our experimental data, hence we reject
this hypothesis.

Second, the observed increased enhancement might be
due to intensity redistributed from the speckles outside the
optimized area to speckles inside the optimized area. If this is
the case, then the total transmitted intensity would be constant
for all optimization radii. A third hypothesis is that there is
a redistribution of intensity from the reflected speckles to the
transmitted speckles. In this case, the effect of enhancing the
transmitted intensity is expected to be noticeable on reflection
as a reduction of the reflected intensity. We will check these
latter two hypotheses in the next section.
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FIG. 5. Enhancement vs optimization radius r,. The red circles
are the experimental data of the enhancement of the total transmitted
intensity. The blue squares are the enhancement of the intensity in
the area outside the target area, and the green diamonds are the
enhancement of the total reflected intensity. The curves are fits to
the experimental data using Eq. (7) and the parameters are given in
Table 1.

C. Change of both transmitted and reflected intensities

The enhancements of the total transmitted intensity .,
the total reflected intensity 7., and the intensity outside the
optimization area 1,y versus the optimization radius are shown
in Fig. 5 (see Appendix B for the histogram of the intensities).
The enhancement of the total transmitted intensity gradually
increases from about 1.1 to 2 at the largest radius of 15.2 pm,
which is close to the 17 um large size of the detected speckle
pattern. There is also an enhancement of the intensity outside
the optimization area and it is about 7., ~ 1.5 at large radii.
The enhancements of both the total transmitted intensity and
the intensity of area outside the optimization nullifies the
second hypothesis. In contrast to the transmitted intensity, the
enhancement of the total reflected intensity slowly decreases to
Nre & 0.93 as the optimization radius increases. The decrease
of the n,. is not as rapid as the increase of 1y, because
the reflected intensity is about nine times higher than the
transmitted intensity. Therefore, a large intensity enhancement
on transmission corresponds to a small intensity enhancement
on reflection.

To accurately compare the decrease of 1., with the increase
of nyt, we need to know the dependence of both terms on the
optimization radius. The dependence of the enhancements on
the optimization radius is unknown and we find that a power
law

B
=+ 1 (7
o
describes the experimental data well. Here, B and n are
adjustable parameters. The fits to the experimental data are
shown in Fig. 5 and the values of B and n obtained from the
fits are shown in Table I. We obtained » = 0.4 and n = 0.5
for the enhancement of the total transmitted and reflected
intensities, respectively, and these values are in remarkable
mutual agreement.

In Fig. 6, we plot the absolute changes in the transmitted

and the reflected intensities after accounting for the attenuation
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TABLE I. Values of the adjustable parameters B and n obtained
by fitting Eq. (7) to the experimental data shown in Fig. 5 for the total
transmission enhancement 7, total reflection enhancement 7., and
the enhancement of the intensity outside the target area noy.

B n
Ntot 0.42 0.4
IS —0.02 0.5
Nout 0.25 0.35

factor of the neutral density filters. The absolute changes in the
transmitted and reflected intensities both collapse to the same
curve, modeled with n = 0.45. Therefore, the enhancement
of the transmitted intensity corresponds to a decrease in the
reflected intensity. This result validates the third hypothesis
that there is a redistribution of intensity from the reflection
speckles to the transmission speckles of the scattering medium.

D. Radial distribution of reflected intensity

At this point, the question arises: how does the reflected
intensity change spatially? Is the change global, i.e., does the
overall reflected intensity decrease uniformly, or is it local,
i.e., does the intensity decrease more in the area where the
transmission is enhanced? As illustrated in Fig. 7, a global
change of the reflected intensity implies that the intensity
redistributed to transmission is deducted equally from all the
spatial channels. This is expected if all input spatial channels
contribute equally to all the output spatial channels. On the
other hand, a local change implies that the intensity of the
spatial input channels maps one-to-one with that of the output
spatial channels. The local change is expected as a result of
the reflection-transmission long-range correlation predicted in
Ref. [43].

To observe the type of change, we plot the radial distribution
of the reflected intensity in Figs. 8(a) and 8(b) for optimization
radii of 15.2 and 8.4 um, respectively. In both optimization
radii, the optimized (red circles) and unoptimized (blue
squares) intensities match quite well from » = 0 to about
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FIG. 6. Measured absolute change in the total transmitted in-
tensity (AT) (red circles) and total reflected intensity (AR) (green
diamond) versus optimization radius r,. The solid gray curve is a fit
using Eq. (7), with B = 6.3 x 10% and n = 0.45.
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FIG. 7. Type of change that happens spatially as the reflected
light decreases. The wavefront-shaped light is incident on the sample
to obtain an optimized focus at the back surface of the sample. The
imaged intensity data at the back surface show an enhanced peak
(top inset). The question is how does the reflected intensity spatially
redistribute? A global change (bottom left inset) means that there is
a uniform decrease in the amplitude of the Gaussian envelope of the
reflected intensity and a local change (bottom right inset) means there
is a local dip in the Gaussian envelope.

r = 5 um. The optimized intensity deviates asymmetrically
from the unoptimized intensity between » = 5 and 10 um. At
r > 10 um, both intensities become equal and decrease in the
same way. In order words, there is a local suppression of the
optimized intensity around r = 7 pum.

For a proper interpretation of these results, we describe the
global and local changes in the reflected intensity as follows.

Radius r (um) Radius r (um)

0 5 10 15 20 0 5 10 15 20

4x10%

2x10%

Reflected intensity (counts)

Calculated global
0 5 10 15 20 0 5 10 15 20
Radius r (um) Radius r (um)

FIG. 8. Total reflected intensity integral along the circumference
of aring (see inset of Fig. 3). Blue squares are the experimental data
with unoptimized wavefront projected on the SLM; red circles are the
experimental data with the optimized wavefront. The optimization
radii are 15.2 and 8.4 um in (a) and (b) respectively. The calculated
global and local changes are plotted in (c) and (d).
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First, we model the unoptimized reflected intensity /,, with a
two-dimensional (2D) circular Gaussian function

Ay lo — po|2)]
exp| | ——— | |- 8
271012 p[ ( 2012 ®

Here, A is the amplitude, p = (x,y) is the spatial coordinate,
Po = (x0,Y0) is the coordinate of the center, and o; is the
standard deviation that defines the width of the function. To
model both the global and local changes, we define a second
2D circular Gaussian function /,

A, Ip—po—pclz)]
1,(p) = Y L ) 9
) 2707 GXP[ ( 207 )

where p. = (x.,y.) is the displacement of the center of I,
from xy and yy, respectively, and o5 is the standard deviation
of 1,. We model the optimized intensity /, in the case of
the global change as the difference between I, and /,, when
01 =0y =0y and A > Aj, to get

1.(p) = A ol (1P =Po— ol
ST a2 P 202
g g
A lo — pol?
— - —] 1 10
2710; xp |: ( 20g2 (10

To model the optimized intensity /; in case of a local change,
we use the difference between I, and I,, when o7 > 0, and
A > Ay, to get

1o = A, exp [_(Ip —po— pc|2):|
: 203 202

Ay lp —P0|2>i|
- exp|—| ——— ) |- 11
271012 p|: < 2012 an

Using Eqgs. (8), (10) and (11), 2D Gaussian functions were
calculated for unoptimized light and optimized light for either
global or local changes, respectively. A projection of the
generated functions onto the x axis is shown in the bottom
left and right insets of Fig. 7. Following the same procedure
for the analysis of the experimental data, we obtain the radial
distribution of the calculated functions by integrating the
intensity along the circumference of a ring of width of §r
and inner radius of r,.

In Figs. 8(c) and 8(d), we plot the calculated intensity
versus radius for the global and local changes, respectively.
The calculations were obtained using the parameters listed
in Table II. For the case of a global change in Fig. 8(c), the
optimized reflected intensity has roughly the same shape as
the unoptimized one. In the calculated curve for the global
change, there is no local suppression of the reflected intensity
around r = 7 um, leading to a qualitative mismatch with the
experimental data. This holds true for any realistic value of
the adjustable parameters. The calculated curve for a local
change, shown in Fig. 8(d), does exhibit a characteristic dip
around » = 7 pum, very similar to the one in the experimental
data. Hence, the experimental data clearly support the model
that optimization of the transmission results in a local change
in the reflection.

L,(p) =
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TABLE II. Parameters used in Egs. (10) and (11).

Parameters Values
A 1
Fixed A, 0.05
o] 7.35 um
(x0,Y0) (45.5,45.5) um
Adjusted (Xes Ye) (6.4, 6.4) um
oy 2.1 um

In Table II, the adjusted parameters were chosen to
reproduce the qualitative features of the experimental data.
We note that our analytical model is intended to highlight
qualitative features related to correlations between reflected
and transmitted intensities. The Gaussian approximation to
the spot shape is not suitable for quantitative parameter esti-
mation. One important parameter is the displacement (x.,y.)
between the optimization area and the center of the diffuse
unoptimized spot. The shape of the experimental data is best
reproduced assuming a displacement (x.,y.) = (6.4,6.4) um,
which is likely due to thermal drift in the apparatus, since the
experiment took several days.

IV. SUMMARY

We have experimentally shown that as the optimization
radius increases, the enhancement of the total transmitted
intensity increases, while simultaneously the total reflected
intensity decreases. We also find that the enhancement of
the intensity outside the optimization area increases as the
optimization radius increases. From the radial intensity distri-
bution of the reflected intensity, we find evidence that there is
a local decrease in the reflected intensity rather than a global
decrease. The local decrease confirms that the transmitted
and reflected intensities are spatially correlated as recently
predicted by Fayard ef al. [43]. Our results have prospects in
extending the applications of wavefront shaping to increase
the total transmitted intensity through the rough layer on top
of the silicon absorber in a solar cell. Our results are also
interesting for multichannel quantum secure communication
[36,48,49], where enhanced intensities are desired in multiple
transmission channels; for transmitting arbitrary intensity
distribution through a scattering medium [52]; and imaging
through an opaque medium [34,50,51].
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FIG. 9. Enhancement 7, in optimization target vs the optimiza-
tion radius r, for different algorithms. The red circles, green squares,
and blue diamonds are the data points for the partitioning, genetic,
and stepwise sequential algorithms, respectively. The partitioning
algorithm outperforms the other algorithms.

APPENDIX A: COMPARING WAVEFRONT-SHAPING
ALGORITHMS FOR LARGE-AREA OPTIMIZATION

For the optimization of intensity in large areas, we
investigated three different wavefront-shaping algorithms:
the stepwise sequential, partitioning, and genetic algorithms.
The details on how these algorithms work are described in
Refs. [54,61]. First, the sequential algorithm modulates the
phase of the segments of the SLM one by one and combines
them at the end of optimization. Second, the partitioning
algorithm modulates the phase of 50% of the segments simul-
taneously and keeps the optimized phases on the SLM. The
modulated segments are chosen randomly at each step. A better
performance of the partitioning algorithm is expected because
a larger number of segments is controlled simultaneously, and
this is expected to yield a significant change in the target
signal compared to the sequential algorithm. Third, the genetic
algorithm begins by creating a population of random phase
masks, which are ranked using the measured enhancement.
The phase masks are combined using a weight proportional
to the enhancement and then further mutated to create new
phase masks. The new phase masks are measured and replace
the low ranking members of the population. As the whole
steps are repeated, the average enhancement of the population
increases and finally converges.

We have performed wavefront-shaping experiments to com-
pare the enhancement of the three algorithms. In Fig. 9, we plot
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FIG. 10. Histogram of the transmitted intensities of unoptimized
light (blue) and optimized light (red) for different optimization radii:
(@)r, =7 pm and (b) r, = 8 um.

the enhancement 7)., in the optimization area versus the opti-
mization radius r,,. The enhancement decreases with increasing
radius for all algorithms, as expected. With the partitioning
algorithm, the enhancement is on average approximately 85%
higher than for the sequential algorithm. The partitioning
algorithm outperforms the sequential algorithm because of the
larger modulation signal in the optimization area. Furthermore,
the partitioning algorithm has an enhancement that is 80%
higher than for the genetic algorithm. We expected a similar
performance of the genetic algorithm and the partitioning
algorithm, since a comparable number of segments are
simultaneously controlled in the two algorithms. We attribute
the lower performance to the fact that the genetic algorithm
requires a large number of experimental parameters, which
might differ for different optimization radii. A further detailed
study of using genetic algorithm for large-area optimization
is needed. We have therefore chosen to use the partitioning
algorithm since it shows a better performance than the other
two algorithms.

APPENDIX B: HISTOGRAM OF OPTIMIZED
AND UNOPTIMIZED LIGHT

In the experiments, we average over 100 realizations of
unoptimized intensity and over two to five realizations of
optimized intensity. In Fig. 10, we show the histogram of
the transmitted intensities for optimized and unoptimized
light in the experiments with two different radii. There are
five and four wavefront-shaping experiments in Figs. 10(a)
and 10(b) respectively. There is clearly no overlap between
the distribution of the unoptimized and optimized intensities.
This observation shows that the intensity is truly enhanced by
wavefront shaping.
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